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ABSTRACT 

A thermal analysis of the M140 c 
carried out by the Research Dlrectora 
at Rock Island. An Investigation was 
the significant physical parameters 1 
rise of the counterrecoll spring when 
the wall of the cradle recoll-mechanl 
data for design changes to reduce the 
mathematical model of the frlctlonal 
veloped and programmed for numerical 
study was made to determine the domln 
The dominant heat sink was determined 
cradle recoil mechanism. The maximum 
found to be a strong function of the 
the spring and the wall. Heat losses 
were Insignificant. The analysis Ind 
Gun Mount could be Improved In design 
layer of material (having high therma 
applied to the Interior wall of the c 
and by a preflattenlng of the exterlo 
colls of the counterrecoll spring. 

oi'nterrecoll spring wa« 
t«-.. Weapons Laboratory 
made (1) to determine 
nfluenclng temperature 
this spring rubs against 

sm, and (2) to obtain 
temperature rise. A 

heating process was de- 
evaluation. A parametric 
ant physical parameters. 
to be the wall of the 
temperature rise was 

contact area between 
to the hydraulic oil 
icates that the M140 
by a coating of a thin 

1 conductivity) being 
radle recoil mechanism, 
r of the first few 
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INTRODUCTION 

The couiiterrecoil spring 
a high rate of failure becaus 
on the outer diameter of the 
vlous Investigations1»2»3 Ind 
ably occur because the hardne 
Increased above design limits 
and subsequent quenching In t 
vestlgatlon was undertaken to 
affect the frlctlonal heating 
against the recoil mechanism 
of each  parameter on the heat 

In  the M140 gun mount has  had 
e of the formation of cracks 
spring.    The results of  pre- 
Icate that the failures  prob- 
ss of the spring material   Is 
owing to frlctlonal heating 

he  hydraulic  oil.    This  1n- 
determlne which parameters 
when the recoil spring rubs 

cradle. The relative effect 
ing  process  has  been determined 

Erlckson and Rhee"  have  Investigated  the temperature 
changes  caused by frlctlonal   heating when an  Insulated 
semi-Infinite block  rubs against  a  semi-Infinite plane. 
The plane was found  to be the dominant  heat  sink.    Ex- 
pressions were derived with which  the  Interface temperatures 
are related to the thermal  properties,  velocity of the rub- 
bing plane,  action of the tangential   force on the Interface, 
and  the  area of the  rubbing  surface.     They obtained the 
following expression for the mean  steady-state Interface 
temperature: 

MF.  ( KpÜL (1) 

In  the analysis  given  In  this  report,  a  section of  the 
recoil   spring  that  rubs against  the cradle wall   Is considered. 
The effects of convectlve cooling  of  the  spring by hydraulic 
oil   are   Included.     Time-dependent  piston velocity  is  Included 
in the analysis.     Solutions for  various combinations of  para- 
meters were obtained  by numerical   evaluation. 

A  program was  initiated  to  obtain data  for experimental 
verification of  the analytic  solution.     However,  due to a 
withdrawal   of funding  the experimental   portion of the  In- 
vestigation  had  to  be terminated  before meaningful  results 
had been obtained. 

The  results  of the analytic   Investigation  show which 
parameters  have the most significant effect on spring  heat- 
ing and  thus  indicate which design changes would most ef- 
fectively reduce  spring  temperatures. 

__^_*a_u ■» 



  

THEORETICAL ANALYSIS 

The simplified physical model that was Isolated for 
detailed analysis Is shown In Figure 1.  In this figure, a 
section of spring coll In contact with the cradle wall Is 
Illustrated. A normal force per unit length, Fn, acts on 

the spring, and a section of the spring surface, of width L, 
Is In contact with the wall. A relative velocity, V, and 
a constant friction coefficient, u, exist between the spring 
and the wall. Hydraulic oil surrounds the spring and Is in 
contact with the wall. 

Heat Is generated when a relative 
tween the two surfaces In contact. Th 
ation Is proportional to the product o 
acting on the Interface and the velocl 
force Is equal to the product of the n 
friction coefficient. The generated h 
by the spring, the cradle wall, and th 
heat Is transferred to the spring and 
and to the hydraulic oil by convection 
and the wall. As the temperature of t 
the wall becomes the dominant heat sin 
the wall provides a much larger mass t 
The overall temperature rise In the wa 
that In the spring, and the Interface 
In the wall become much greater than t 
The existence of this phenomenon may b 
by the realization that the physical s 
In Figure 1 Is analagous to a cool flu 
1ng over a hot surface (the spring) wl 
the surface. The majority of the heat 
the cooler fluid. 

velocity e 
e rate of h 
f the tange 
ty. The ta 
ormal force 
eat can be 
e hydraulic 
wall by con 
from both 

he Interfac 
k. This oc 
o absorb th 
11 Is not s 
temperature 
hose In the 
e made more 
Ituatlon 11 
Id (the wal 
th heat gen 
would be a 

xlsts be* 
eat gener- 
ntlal force 
ngentlal 
and the 

absorbed 
oil. The 

ductlon, 
the spring 
e Increases, 
curs because 
e heat, 
o great as 
gradients 
spring. 
apparent 
lustrated 
1) flow- 
eratlon at 
bsorbed by 

The assumption Is that axial conduction In the spring 
coll may be disregarded. Additional assumptions are that 
perfect thermal contact exists between the spring and the 
wall, that all thermal properties are constant, and that 
the hydraulic oil remains at a constant temperature. The 
origin of the coordinate system for the wall Is attached to 
the spring. 

The governing differential equations are deduced from 
the general energy equations In the Appendix. The governing 
differential equations for the wall and the spring are 

MM 
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FIGURE   1 SIMPLIFIED   PHYSICAL   MODEL 
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given by 

!L a    3*1 w        w 
V      3y2 

(2) 

and 

'Ts . .       rl2! A i II . I_ l2!] 
a*4 

The boundary conditions for the wall  are 

ST.. 

\* 3y (x,o) • q . 0<x<L 

Tw(x..) - To 

T(o.y) - T 

(3) 

(4) 

(5) 

(6) 

The boundary conditions for the spring are given by 

-Ks yjr- (Rp ♦, t) ■ q^'d), -♦L<*<*L 

-Ks yji (R,. * , t) - hcCT$(Rf*,t)-T0], *L<*<-*L 

and the Initial conditions are 

(7) 

(8) 

Ts (r.^.O) « To (9) 

In Equation 2, one-dimensional quasi-steady heat con- 
duction In the wall Is described. The one-dimensional quasi- 
steady analysis Is shown In the Appendix to be valid In this 
case. 

Equation 4 Is obtained under the assumption that the 
heat flux applied to the wall Is constant and uniform over 

__ . ^  
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1 
the Interface. Temporal 
no significant effect If 
A variation exists In wal 
even though the heat gene 
This variation occurs bee 
gradients In the y direct 
of x than for larger valu 
heat flux Is still valid 
the y direction are much 
over most of the Interfac 
shown In the Appendix.  I 
spring Is given as unlfor 
of the outer radius.  The 
a flat section of spring, 
closely approximates the 
Interval Is not large. S 
to a conservative estlmat 
because. In the actual ca 
a slightly smaller area. 

variations In wall heat flux have 
quasi-steady conditions prevail. 
1 heat flux along the Interface, 
ration by friction Is uniform, 
ause the interfacial temperature 
Ion are greater for small values 
es.  The assumption of uniform 
provided temperature gradients In 
greater than In the x direction 
e.  This condition Is satisfied as 
n Equation 7, the heat flux to the 
m over a circumferential section 
heat flux Is actually applied over 
The circumferential section 

flat section, provided the angular 
ince L<RA^, the approximation leads 
e of Interfacial temperature rise 
se, the heat is being applied over 

The solution of Equation 2, subject to the specified 
boundary conditions, 1ss 

2q"  ax .   -Y2V 
Vx.y)-T0 •  nr^^P'v 

w 

ii V_i"i- J erfc [ *(£)*], 
w 

(10) 

where erfc(z)   Is defined as 

erfc(z)  »  l-erf(z)  ■!--=■ dn (11) 

The  interface  temperature  (y*0)   is determined  from 
Equation  10 as 

2(C    awx  h 
Vx'0)-To ■ FT C5V-] (12) 

w 
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The mean Interface temperature is determined by the 
Integration of Equation 12 to yield 

■ o L 
T ' To  ITT" (W) 4 %    /V-x«» (13) 

The Interface temperature reaches a maximum at 
x=L and Is 

2qw
M o L 

TL " To * V ^ (14) 

thus. 

TL * To ' I tT.T0) (15) 

Equation 15 Indicates that the maximum temperature rise 
Is one and one-half times greater than the mean temperature 
rise. 

Equation 13 may be rearranged to give 

3K 
w (TTT)4 (T-TJ (16) 

Equation 16 gives the heat flux to the wall In terms of 
the unknown mean Interface temperature. 

The total heat flux at the Interface Is due to frlc- 
tlonal heat generation and Is given by 

uFV 
(17) 



The portion of the   total  heat flux applied  to the 
spring  Is 

q  ■   .  q  "   .   q   " 
^s        Ht        Mw (18) 

or 

3K 
*^)H (T-T0) (19) 

According to Equation 15, the wall heat flux Increases 
In proportion to the mean Interface temperature. A corres- 
ponding decrease occurs In the heat flux to the spring as 
the Interface temperature Increases. The Interface tends to 
some steady-state maximum value if the velocity remains con- 
stant.  Equation 19 may be substituted Into Equation 7 to 
give the boundary condition for the spring in terms of Inter- 
face temperatures 

The solution, for the temperature distribution In the 
spring, was obtained by numerical evaluation. The results 
of the numerical evaluations are given In the following section. 

ANALYTICAL RESULTS 

The temperature distributions in the M140 spring, during 
recoil« were determined numerically.  Thermal properties, 
dimensions, and time-velocity data used were the actual 
values for the MMO recoil spring.  Variable parameters In- 
cluded the width of the rubbing surface, normal force acting 
on the spring, friction coefficient, and convectlve heat- 
transfer 
fluid 

coefficient between the spring and the hydraulic 

The M140 recoil springs are currently being fabricated 
from 9262H steel, which has a silicon content of 2 per cent. 
The uce of maraglng steel, having a nickel content from 17 
to 19 per cent, for replacement of the current material has 
been Investigated ' Therefore, results were obtained for 
spring materials consisting of steel having a silicDn content 
of 2 per cent ..nd also of steel having a nickel content of 
18 per cent to determine the effect on the temperature dis- 
tribution due to a material change. 



Eckert and Drake* give the following property values 
used in the calculations: ' 

lbm 

2 Per Cent 
Silicon Steel 

479 

18 Per Cent 
Nickel Steel 

499 

cPs (TFnT) 0.11 0.11 

ir  /     BTU    v 
Ks(hr ft8F) 18 12 

0.344 0.204 

The outside radius of the spring stock Is 0.5175 Inch. 
Velocity-time data for the recoil piston were obtained from 
K. W. Maler's report7, and are reproduced In Figure 2.  The 
following values of the variable parameters were used In 
the numerical evaluation: 

L - 0.05, 0.1, 0.2, 0.3 Inches 

uFM « 10, 50. 100. 200 lb./In n 

h  « 0. » BTU/hr ft2 0F 

Kw - 18, 36  BTU/hr ft 0F 

ow ■ 0.344, 0.68f, ft2/hr 

(20) 

(21) 

(22) 

(23) 

(24) 

8 

kMa 
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Results were 
eters, and these r 
Figures 3, 4, 5, 6 
temperature during 
of the tangential 

of the spring and 
of the rubbing sur 
face temperature, 
face temperature b 
the width approach 
the heat Is being 
of the thickness 1 
a point Is reached 
width has no appre 
terface temperatur 
facial temperature 
conductivity of th 
Interface temperat 
ductlvlty of the s 
data are plotted 1 
data 1ie on stralg 
of the form 

T  -vL max 
m 

obtained for combinations of these param- 
esults are given In graphical form in 
, and 7.  Plots of the maximum interface 
recoil versus Interface width as functions 

force, F , and of thermal conductivities 

wall are shown In Figure 3. The width 
face has a significant effect on the Inter- 
For small values of L, the maximum inter- 

ecomes large and approaches Infinity as 
es zero. These conditions occur because 
applied over a small area. As the width 
s Increased, the curves become flat, and 
at which a further Increase In rubbing 

clable effect on the reduction of the in- 
e. The dominance of the wall on the Inter- 
Is also apparent. Doubling the thermal 

e wall results In a large reduction of 
ure, whereas a large change In the con- 
prlng has no significant effect. The same 
n Figure 4 with log-log coordinates. The 
ht lines; this Indicates a relationship 

(25) 

The values of m, obtained from the slope of the curves, are 
-0.48 for tangential forces of 50, 100 and 200 lbf, but -0.26 

for a tangential force of 10 lbf. Thus, the value of m for 

this geometry is not constant, but is dependent upon the 
tangential force. 

Erickson and Rhee found that ms-0.5. Independent of 
tangential force, when considering a semi-Infinite block 
rubbing against a semi-infinite plane with a constant velocity, 

The data points are plotted as T w versus uF„ In max n 
Figure 5. This results In a family of straight lines, passing 
through the origin, which indicates a relation between T 
and uFÄ of the form 

max 

n 

T  -vuF max M n (26) 

10 

mmmm  ^ 
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FIGURE 4.    LOO -LOO PLOT OF MAXIMUM INTERFACE 
TEMPERATURE VERSUS RUBBING WIDTH 
AS A FUNCTION OF TANGENTIAL FORCE 
AND THERMAL CONDUCTIVITY. 
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of TL 
and fo 
shown 
an Ins 
occurs 
region 
tween 
of the 
capacl 
crease 
of the 
maxlmu 
and It 
velocl 
with a 
could 
for a 
contac 

s the same form obtained by Erlckson and Rhee.  A plot 
versus time for several values of wall conductivity 

r heat-transfer coeffIc-ents of z 
In Figure 6. Heat losses to the 
Ignlflcant effect on the Interfac 
because the temperature rise Is 
near the Interface.  The tempera 

the spring and the hydraulic oil 
spring surface. An Increase In 

ty of the hydraulic oil offers no 
In the Interfaclal temperatures. 
wall as a heat sink Is Indicated 

m temperature is attained during 
corresponds closely with the tlm 

ty. This shows that the temperat 
small time lag. Thus, large tern 

occur even If the spring were In 
short time, If the normal forces 
t were large. 

ero and infi 
oil obvlousl 
e temperatur 
localized In 
ture dlffere 
are small ov 
the convectl 
prospect of 
Again, the 

In Figure 6 
a short time 
e of maximum 
ure rise occ 
perature Inc 
contact with 
and velocit? 

nlty are 
y have 
e.  This 
the 

nces be- 
er most 
ve cooling 
a de- 
dominance 

.  The 
span 
piston 

urs rapidly 
reases 
the wall 

es during 

A plot of the maximum temperatu 
at the Interface Is shown In Figure 
In the thermal dlffuslvlty of the wa 
ture gradient, but a decrease In the 
Increases the temperature gradient, 
steel as opposed to 9262H steel has 
ature, but a 50 per cent Increase In 
at the Interface occurs. Therefore, 
less desirable than 9262H steel. If 
the surface are a factor in overall 
This factor should be weighed agalns 
vantages of the use of maraglng stee 

re gradient In the spring 
7.  Note that an Increase 
11 decreases the tempera- 
dlffuslvlty of the spring 
The use of maraglng 

no effect on the temper- 
the thermal gradient 
maraglng steel may be 
the thermal stresses at 
spring performance. 
t some of the other ad- 
1. 

The analytical results show that the only way to reduce 
the Interface temperatures, for a given tangential force 
and rubbing width. Is to increase the thermal crnductlvlty 
of the recoil mechanism wall.  This can be done by the 
coating of the wall with a thin layer of highly conductive 
material. A thin layer is sufficient because the thermal 
penetration distance in the wall Is small and the coating 
has only to be as thick as the penetration distance.  The 
thermal penetration distance Is given by 

6 ^ 
aw 
T (27) 

16 



At the maximum value of piston velocity, the penetration 
distance for most metals Is in the order of 10~s Inches, 
so a very thin coating Is sufficient.  Williams' has shown 
that the coating of the recoil mechanism wall with molyb- 
denum reduces spring wear. Molybdenum has a high thermal 
coiductlvlty and Is also desirable from a thermal point of 
view. 

EXPERIMENTAL PROGRAM 

An experimental program was In 
validity of the mathematical model, 
signed and run, which consisted of 
block against a steel plate. The s 
In the Jig of a planing machine, a 
to the planer table.  Both, the nor 
speed, could be varied.  Thermocoup 
block at the Interface to monitor t 
gages were attached to the block to 
forces. However, only a small temp 
produced because of the chattering 
the steel plane to ge gouged whenev 
or the table velocity became large 
significant temperature rise. The 
was redesigned by substitution of a 
treated steel plane.  The new desig 
ricatlon. but a reduction in fundin 
of the fabrication.  Therefore, the 
to be terminated. 

Itlated to check the 
An experiment was de- 

the rubbing of a steel 
teel block was mounted 
nd the plate was attached 
mal force and the table 
les were mounted on the 
he temperature.  Strain 
measure the tangential 
erature rise could be 
of the block that caused 
er the tangential force 
enough to produce a 
experimental apparatus 
stiffer block and heat- 

n was submitted for fab- 
g caused a cancellation 
experimental program had 

CONCLUSIONS AND RECOMMENDATIONS 

Frictiunal heating of the M140 counterrecoi1 spring was 
analytically Investigated. A mathematical model of the pro- 
cess was developed and programrned for numerical evaluation. 
A parametric study was performed to determine the effect of 
each parameter on the heating process.  On the basis of the 
results of the parametric study, the following conclusions 
were reached: 

1. 
dominant 

The wall of 
heat sink 

the recoil mechanism cradle is the 

2. The maximum temperature rise is a strong function 
of the rubbing width; however, an increase in the rubbing 
width beyond a certain value has a limited effect on tem- 
perature reduction. 

17 
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3. Heat losses to the hydraulic oil have an Insigni- 
ficant effect on the maximum Interface temperature. 

4. The maximum temperature Is reached In a short time 
Interval. Thus, rubbing «mill cause a large temperature rise 
even If It occurs for a short time, during which the piston 
Is moving at a high velocity. 

5. The use of maraglng steel as a spring material has 
no effect on the spring temperature.  However, use of maraglng 
steel will result In a 50 per cent greater thermal gradient 
at the Interface. 

The two most obvious ways to reduce or to eliminate the 
spring heating problem are those In which the normal forces 
acting on the spring are reduced and the friction coefficient 
between the spring and wall Is reduced.  However, even If 
accomplishment of either of these objectives Is Impossible, 
reduction of temperature rise due to frlctlonal heating Is 
possible.  On the basis of the analytical results of this 
study, the following two recommendations are given for the 
Improvement of the design of the M140 counterrecoll mechanism. 

1. The thermal conductivity of the recoil mechanism 
wall should be Increased. Coating the wall with a thin layer 
of material having high thermal conductivity will result In 
this Increase.  A molybdenum coating has the desirable 
thermal properties and has also been shown to reduce spring 
wear. 

2. The exterior surface of the first few colls of the 
spring should be preflattened. Providing a rubbing width 
of about 0.30 Inch will significantly reduce the maximum 
temperature rise. 
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LIST OF SYMBOLS 

Cp, 

CP. 

J 

K 

i 

L 

o 

s 

w 

specific heat of spring 

specific heat of wall 

normal force per unit depth 

tangential force » uFn 

heat transfer coefficient 

Joules constant » 778 ft.lb/BTU 

thermal conductivity of spring 

thermal conductivity of wall 

width of rubbing surface 

reference length 

value of exponent 

heat flux to spring 

total heat flux 

heat flux to wall 

outer radius of spring 

radial coordinate 

temperature of Interface at x"L 

Initial temperature 

temperature of spring 

temperature of wall 
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LIST OF SYMBOLS 

max 

T 

t 

t 
c 

V 

V 

x 

x 

y 

y 

a. 

6 

ew 

M 

ps 

T 

maximum temperature reached during recoil 

mean Interface temperature 

time 

time constant 

velocity 

dlmenslonless velocity 

spatial coordinate 

dlmenslonless spatial coordinate 

spatial coordinate 

dlmenslonless spatial coordinate 

thermal dlffuslvlty of spring 

thermal dlffuslvlty of wall 

reference length 

dlmenslonless wall temperature 

coefficient of friction 

density of spring material 

density of wall material 

dlmenslonless time 

angular coordinate 

contact angle 
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APPENDIX 

GOVERNING  EQUATIONS 

a 
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The energy equation for the Mall, Illustrated In 
Figure 1, Is 

51 + v ax «wC 
*2\ 32T 

3y* J (28) 

Equation 28 Is now reca 
the Introduction of the nond 
ence length, l. Is chosen so 
less temperature gradient In 
unity In the region of Inter 
length In the y direction, 6 
than the unspecified length 

so that the time rate of cha 
has a maximum value of unity 
variables are defined. 

0w "T; 

X r 

st In a dlmen 
Imenslonal va 
that the val 
the x direct 

est, o<x<L. 
, is assumed 
i.    A time co 
nge of dlmens 
. The follow 

slonless 
r iables. 
ue of th 
Ion does 
Also, th 
to be mu 
nstant, 

lonless 
Ing nond 

form by 
A refer- 

e dimension- 
not exceed 

e reference 
ch smaller 
tc Is chosen 

temperature 
Imenslonal 

•* 

T   " T— 

(29) 

(30) 

(31) 

(32) 

" 7 (33) 

The energy equation In dlmenslonless form becomes 

9x 

1 

a   32e       2 362 
!a [—a ♦ (L)2 —s 
VA  3x2     6   ^"2 

1 1 

ay 

i 

 ^3 
%*€ Vc 

(34) 
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The quantity a /Vl Is assumed to be very small, I.e., V Is 

very large. The order of magnitude of each term Is shown 
below Equation 34. Note that conduction In the x direction 
Is small In comparison to conduction In the y direction If 

(f)2 «1 (35) 

In addition, conductive energy transport in the y direction 
Is of the same order of magnitude of convectlve energy trans- 
port In the x direction, only If 

or 

& V7 <<i (36) 

* >> 7* (37) 

Transient effects are small In comparison to convectlve 
effects when 

0w   t2    i    , 
T* ' srr " VT~ <<1 

w c    c 
(38) 

or when 

tc »7 (39) 

Since ow/VÄ Is assumed to be very small, transient effects 

may also be disregarded when 

l2 

a t w c 
x  1 (40) 
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Combination of Equations 39 and 40 gives the following 
criterion for neglecting transient effects In the plane. 

^»1 (41) 

In the analysis given above, the boundary conditions were 
not considered. The heat flux to the wall Is a time-dependent 
value even If the piston velocity Is constant because It Is 
a function of the time-dependent Interface temperature. 
Erickson and Rhee have shown that, for a constant piston vel- 
ocity, transient effects due to variable Interface temperature 
may be disregarded when 

Vt. 
> 32.5 (42) 

Combination of Equations 39 and 42 gives 

¥-    > 32.5    >>1 
aw    " 

(43) 

where £<, L has been substituted for L. When the piston 
velocity Is a variable, the heat flux to the wall will also 
be time-dependent. The heat generation due to friction Is 
directly proportional to the piston velocity, and the frac- 
tional variation in generated heat may be expressed as 

T 
dV 
at 

At 
T (44) 

The maximum possible tilt interval during which heat nay be 
applied to any point on the wall is L/¥ that is assumed to 
be larger than &/V.  Substitution of tnll value tor At and 
introduction of the dimenslonless variables into Equation 
44 gives the following condition for disregarding transients 
due to variable piston velocity. 

t  d? « i (45) 
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This condition Is fulfilled provided 

tc » Jr (46) 

which again requires that 

U    » ! 
0w 

(47) 

Thus, all transient effects may be disregarded when the 
fraction  VA/o Is much greater than one. 

For a piston velocity of 20 m/sec and a value of 
1 ft2/hr evaluation of Equation 37 results In 

A >> 0.002 In (48) 

Thus, If the width of the rubbing surface, L, 
than 0.002 In., say L«0.02 In., conduction In 
may be disregarded. For a piston velocity of 
a rubbing width of 0.002 In., Equation 41 has 
value 

Is much greater 
the x direction 
100 in/sec and 
the following 

VL 
a - 50 >> 1 (49) 

Thus, transient effects may also be disregarded. Therefore, 
the conclusion is that, for this Investigation, the energy 
equation for the wall may be written as 

3Tw 
air (50) 
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